INTRODUCTION
Leukaemia is the most common childhood malignant disease in populations with a high socio-economic status, such as the UK, Western Europe and the USA, where it accounts for approximately 30% of childhood cancers (1) (2) (3) (4) (5) (6) . Childhood leukaemia consists predominantly (85% of cases) of acute lymphoblastic leukaemia (ALL), with non-ALL (comprising mainly acute myeloid leukaemia, AML) accounting for the rest (2, 4) . Precursor B-cell or 'common' ALL (c-ALL) constitutes about 65-70% of childhood ALL (7) and is characterized by a unique peak of cases arising between 3 and 5 years of age (8) (9) (10) (11) . At least 90% of childhood acute leukaemias carry non-random, clonotypic chromosome rearrangements, including reciprocal translocations that give rise to novel fusion genes involved in leukaemogenesis (7) . The observation that the MLL-AF4 and TEL-AML1 fusion genes may be present in the blood at birth of children who subsequently developed ALL with these gene rearrangements suggests that the initiation of leukaemia can, at least in some cases, take place prenatally (12) (13) (14) . However, clonal evolution, characterized by complex karyotypic changes, plus the modest concordance rate for ALL in identical twins strongly suggest that additional genetic events, occurring mainly in the postnatal period, are required for progression to full malignancy (15) .
Whilst evidence linking environmental carcinogen exposures to the aetiology of childhood leukaemia has been far from consistent or conclusive, support for the role of infection has been increasing (16) (17) (18) . Two main mechanisms have been proposed for an infectious causation: an as-yet unidentified *To whom correspondence should be addressed. Tel: þ 44 161 2766472; Fax: þ 44 161 2766414; Email: gmtaylor@man.ac.uk oncogenic virus (17) or the indirect effect of an abnormal immune response to one or more common (bacterial or viral) infections (18) . Since no specific virus has yet been implicated by serological (19, 20) or molecular screening of candidates (21) (22) (23) , a model based on insertional mutagenesis seems less likely than one based on an indirect, proliferative stressinduced effect of infection on the developing immune system.
Epidemiological evidence of an infectious aetiology for ALL is indirect and incomplete, but nevertheless substantial and persuasive. It includes data showing a transient increase in leukaemia rates following several examples of population mobility and mixing (24) (25) (26) , as well as increased risks associated with certain demographic features (27) , seasonal presentation (28, 29) and space-time clustering (30, 31) . Other evidence implicates a paucity of infections in the first year of life as leading to an increased risk of childhood ALL (32) (33) (34) , and potentially protective effects of immunization with certain vaccines (34) (35) (36) , allergies (37) and breast feeding (38) in infancy. These observations lend credence to the idea that lack of early programming of the developing immune system, followed by later exposure to common infections, could lead to infection-related, immune-mediated stress on a preleukaemic clone that is sufficient to progress to leukaemia (18) .
In the continuing absence of direct evidence for the identity of a causative infection in childhood ALL, we have adopted a 'reverse immunogenetic' approach (39) . This involves the detection of HLA class II alleles whose protein ''footprints'' provide functional markers of immune responses to antigens that may influence susceptibility to childhood ALL. The HLA class II (DR, DQ and DP) genes encode highly polymorphic cell surface glycoproteins that play a key role in adaptive immune responses to infection, and are known to influence the risk of certain autoimmune diseases with suspected infectious aetiologies (40, 41) . The impact of different HLA class II allotypes on disease susceptibility is thought to be mediated through interactions between polymorphic peptide-binding pockets formed by the a and b chains of each HLA class II allotypic protein with anchor residues on processed antigenic peptide ligands, leading to the directed activation of T-cellreceptor bearing CD4 þ helper T (Th)-cell subsets (40, 42) . By inference, evidence of an increased frequency of a specific HLA class II allele in childhood ALL could therefore indicate a role for differential immune response regulation in response to one or more infection-derived peptides involved in the causation of childhood ALL, and may ultimately enable predictions to be made about their identity (40) .
Previous attempts to determine the role of HLA-associated susceptibility in childhood leukaemia were hampered by ascertainment bias and low-resolution HLA-typing techniques. Substantial improvements in the survival of children with leukaemia now allow for more complete biological sample acquisition during the remission period, and avoid the potential that deleted sequences on chromosome 6p in leukaemia cells (43, 44) may lead to incorrect HLA typing Furthermore, more detailed and standardized diagnostic information (7, 11) and the development of high-resolution HLA molecular typing (45) now make it feasible to accurately predict the functional contribution of HLA polymorphisms to the aetiology of childhood leukaemia. In a previous pilot study using HLA molecular genotyping, we reported an increased frequency of the HLA-DPB1*0201 allele in children with c-ALL (relative risk $ 2) (46) . However, the small number of patients studied (n ¼ 63), and the highly polymorphic nature of the DPB1 gene did not preclude a chance association with DPB1*0201. In this paper, we now confirm and extend our preliminary finding by analysing a much larger and different series of childhood leukaemias in comparison with non-leukaemic subjects as part of the UK Childhood Cancer Study (47) . The UKCCS is an epidemiological case-control study of childhood cancer aetiology that commenced in Scotland 1991 and in England and Wales in 1992. One aim of the UKCCS is to test the hypothesis that childhood ALL may arise as an abnormal response to delayed infection (16) . Our results, presented here, suggest that certain peptide-binding pockets present in DPb1*0201, and also in other DPb1 allotypic proteins, contribute to ALL susceptibility. We interpret these results to suggest that qualitative and/or quantitative differences in the helper (Th) response to infection-derived peptides may be potentially important in the aetiology of childhood ALL.
RESULTS
The UKCCS was designed to accrue at least 1000 cases of childhood ALL in order to provide sufficient power for aetiological analysis (47) . As part of the UKCCS study, we collected remission blood samples from 982 children with acute leukaemia (ALL and non-ALL), 409 children with solid tumours (excluding non-Hodgkin's lymphoma and Hodgkin's lymphoma), and 864 normal infants born in Manchester, comprising a case-comparison series not included in our previous study (46) . We extracted genomic DNA from blood samples, typed them for DPB1 alleles using a polymerase chain reaction-sequence-specific oligonucleotide probe (PCR-SSOP) technique (see Materials and Methods) (45, 46) and determined the percentage of subjects (i.e. phenotype frequencies) in the leukaemia and comparison groups typing for specific DPB1 alleles.
As shown in Table 1 , the leukaemia series included 875 children with ALL and 107 with non-lymphoid leukaemia ('non-ALL', i.e. mainly AML). Based on data obtained by immunophenotyping the pretreatment leukaemia cells (47) , 559 of the children with ALL had a confirmed diagnosis of c-ALL, 19 had pro-B ALL, and 69 had T-ALL. For 228 children diagnosed morphologically as ALL, either an ALL subtype could not be assigned (168 children) or the immunophenotyping results were incomplete (60 children). These cases were included in the analysis of the total leukaemia and ALL series. The pretreatment leukaemia cells from 95 children with ALL were found to be positive for TEL-AML1 by fluorescence in situ hybridization (FISH) and/or RT-PCR, and 298 leukaemias were hyperdiploid (i.e. with > 50 chromosomes) by FISH (47) .
Comparison of the leukaemia and solid tumour patient characteristics with those included in the total interviewed UKCCS patient series (47) revealed no major differences in age distribution, sex or deprivation category, indicating that the DPB1 typed patients were representative of the total patient series.
In order to test the prior, but unconfirmed, hypothesis of an association between DPB1*0201 and childhood ALL (46), we compared the percentage of leukaemic children who typed for the six most common DPB1 alleles (DPB1*0101, *0201, *0301, *0401, *0402 and *0501), and the combined frequency of the remaining alleles ('Others') with the percentage of children with solid tumours and normal infants who typed for these alleles. The results of these comparisons are shown as % phenotype frequencies in Table 2 . Measures of relative risk attributable to each allele tested are depicted as cross-product odds ratios (ORs) and 95% confidence intervals (95% CI) in Table 3 . The results in Table 2 show that a higher percentage of children with c-ALL typed for DPB1*0201 (17.5%) than did children with solid tumours (10.8%) or normal infants (10.4%). This increased frequency in leukaemia was also seen in the total (i.e. ALL plus non-ALL) patient series (16.9%), and in the total ALL series (17.5%), but was less marked in the non-ALL leukaemia series (12.1%) as compared with the solid tumour and normal infant groups. Within the ALL patient group, the percentages of children with T-ALL and pro-B ALL who typed for DPB1*0201 (18.8% and 15.8% respectively) also exceeded the percentages of children with solid tumours and normal infants typing for this allele. Furthermore, the percentages of children with c-ALL whose pretreatment leukaemia cells carried rearrangements of TEL-AML1 or a hyperdiploid karyotype and who typed for DPB1*0201 (18.9% and 18.1% respectively) were greater than in the solid tumour and infant groups. To calculate the significance of the increased percentage of leukaemic children typing for each of the alleles shown in Table 2 as compared with the non-leukaemic children, we computed ORs and 95% CI values. The results of this analysis, shown in Table 3 , indicate that ORs significantly greater than 1.0 were obtained for DPB1*0201 in the total leukaemia patient series, the total ALL series, for children with c-ALL, pro-B ALL and T-ALL, but not for children with non-ALL, as compared with the children with solid tumours and normal infants. ORs significantly greater than 1.0 were also found in children in the total leukaemia and pro-B ALL groups who typed for DPB1*0401, and in children in the total ALL, c-ALL and pro-B ALL group who typed for DPB1*0402. In contrast, ORs significantly less than 1.0 were obtained for children who typed for DPB1*0101 in the total leukaemia series, the total ALL series and the children with c-ALL, but not in children with non-ALL.
Our previous results showing an association between c-ALL and DPB1*0201 (46) made no correction for multiple allelic comparisons, and we could therefore not exclude a chance observation. The larger series of children with leukaemia compared with those with solid tumours and normal infants included in the present study provided the analysis with sufficient statistical power to detect an OR similar to that reported in our previous study, and also enabled us to correct P-values obtained in Fisher's exact tests for each leukaemianon-leukaemia DPB1 phenotype comparison to exclude multiple testing (type 1, Bonferroni) errors. Even with this conservative approach, the increased DPB1*0201 phenotype frequency in children with c-ALL remained significant after correction for multiple alleles and diagnostic groups. In other comparisons (data not shown), however, we could find no difference in DPB1*0201 phenotype frequency between boys and girls with c-ALL, or between children with c-ALL who were diagnosed between 2 and 4 years of age (N ¼ 290) when compared with those children with c-ALL who were diagnosed between 5 and 14 years (N ¼ 214). Furthermore, the increased DPB1*0201 phenotype frequency in children with c-ALL remained significantly greater than in the comparison groups even when the small percentage of children with c-ALL of nonwhite parents were removed from the analysis.
To assess whether susceptibility to ALL with the TEL-AML1 fusion gene or chromosomal hyperdiploidy was influenced by the DPB1 phenotype, we compared the frequencies of leukaemic children with these markers and children with solid tumours and normal infants. The results in Table 4 show that ORs significantly greater than 1.0 were obtained for children with TEL-AML1 and hyperdiploid leukaemia cells who typed for DPB1*0201, but ORs significantly less than 1.0 were obtained for children with these leukaemias who typed for DPB1*0101 as compared with normal infants but not as compared with children with solid tumours. The increased risk of hyperdiploid leukaemia in children typing for DPB1*0201 was significant after correction for multiple comparisons, but the risk of TEL-AML1 leukaemia was not significant, although the number of cases available for analysis was small. Of the 95 children with TEL-AML1 þ ALL, 65 had a confirmed diagnosis of c-ALL and the percentage typing for DPB1*0201 was no greater than those in the total c-ALL series (Table 2) . By contrast, only 2 of the 65 TEL-AML þ c-ALL children ( $ 3%) typed for DPB1*0101, as compared with 7% of the 227 alleles and number of diagnostic groups (*P < 0.05; **P < 0.01). For abbreviations, see Table 1 .
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children with hyperdiploid leukaemia and 10.4% of the normal infants ( Table 2 ), suggesting that DPB1*0101 may afford additional protection against TEL-AML1 þ c-ALL. To determine the influence of DPB1*0201 and *0101 genotypes, respectively, on susceptibility and resistance to c-ALL, we calculated ORs for *0201 and *0101 homozygous and heterozygous genotypes using normal infants for comparison. As Table 5 shows, children with c-ALL who were inferred as being homozygous for DPB1*0201 (i.e. only one allele was detected) were at a lower risk than children who were heterozygous for this allele. By contrast, children who were heterozygous for alleles that included DPB1*0201 and DPB1*0401 or DPB1*0402 had ORs significantly greater than 1.0. Children who were homozygous for DPB1*0101 were significantly protected from c-ALL as compared with newborn infants, whereas those children with c-ALL who were heterozygous were not significantly protected by this allele.
The results of typing other, less common, DPB1 alleles, in childhood leukaemia suggested that HLA-DPB1-associated susceptibility to childhood c-ALL might not be confined to a single allele, DPB1*0201, but might also involve other alleles. However, the number of children with c-ALL who typed for rarer alleles, and the total number of DPB1 alleles detected, rendered an analysis of individual rare alleles using a conventional Fisher's exact test unreliable. To overcome this, we used the CLUMP Monte Carlo simulation test described by Sham and Curtis (48) to test the post hoc hypothesis that certain (rare) alleles are more common in children with c-ALL than in normal infants. We also used CLUMP to identify these alleles, and, based on the polymorphic amino acids lining the peptidebinding pockets of the antigen-binding sites (ABS) of these allotypic proteins that are also present in DPb1*0201, we compared ORs obtained with most of these alleles with that of DPB1*0201.
Using CLUMP (48) to compute the T 1 statistic from a 2 Â 38 contingency table of DPB1 allele frequencies in children with c-ALL and normal infants, we obtained a w 2 of 103.93 that was not exceeded in 2 Â 10 4 simulations (P < 0.000001), suggesting that there is indeed a significant difference in DPB1 phenotype frequency distribution between the c-ALL and infant groups. The maximized w 2 T 4 statistic obtained by CLUMP analysis tests the hypothesis that certain alleles are more frequent in the case than in the comparison group. The w 2 of 42.41 (P ¼ 0.0001) supported this conclusion, and suggested that, in addition to *0201, the following alleles may contribute to c-ALL susceptibility: DPB1*0202, *0402, *0601, *0801, *1001, *1401, *1601, *1701, *1901, *2001, *3301, *3501, and *4901.
CLUMP analysis suggested that susceptibility to c-ALL might not be confined to DPB1*0201, but does not identify the cause. One explanation for DPB1 multi-allelic susceptibility might be that it is related to functional properties shared by different allotypes, based on the presence of polymorphic amino acids lining the peptide-binding pockets of DPb1*0201 and these allotypes. Comparison of each putative peptide pocket profile of the 14 'CLUMPED' DPB1 alleles (including DPB1*0201) with the DPb1*0201 allotypic protein reveals that 8 alleles (57%) code leucine-phenylanine-glutamineglycine (single-letter amino acid code LFQG; HVR-A) at positions 8-11, 11 alleles (79%) code phenylalanine-valine (FV; HVR-B) at positions 35 and 36, 6 alleles (43%) code aspartic acid-glutamic acid-glutamic acid (DEE; HVR-C) at positions 55-57, 8 alleles (57%) code isoleucine-leucineglutamic acid-glutamic acid-glutamic acid (ILEEE: HVR-D) at positions 65-69, 9 alleles (64%) code methionine (M; HVR-E) at position 76, and 4 alleles (29%) code glycine-glycineproline-methionine (GGPM; HVR-F) at positions 84-87. By contrast, the numbers of 'CLUMPED' alleles that share pocket profiles with the protective allotype DPb1*0101 are as follows: VYQG8-11: 0 (0%); YA35,36: 1 (7%); AAE55-57: 1 (7%); ILEEK65-69: 3 (21%); V76: 4 (29%); DEAV84-86: 8 (57%). Thus, partial sharing of pocket profiles with DPb1*0201 and a deficit of pocket profiles shared with DPb1*0101 in the 'CLUMPED' alleles strongly suggest that susceptibility to childhood c-ALL may involve contributions from individual polymorphic peptide pocket profiles (40) common to the ABS Table 3 ). For abbreviations, see Table 1 . Genotype frequency (% of all genotypes) for patients with c-ALL and infants. { P < 0.05 is a two-sided Fisher's exact test after correction as described in Table 3 . of DPb1*0201 and the other DPb1 allotypic proteins (49), rather than by the DPb1 peptide-binding matrices that constitute the complete allotypic protein.
To investigate this further, we analysed the frequency of each of the polymorphic amino acids in five of the six DPb1 pocket profiles (HVRs A-E) in all children with leukaemia as compared with the solid tumour patients and normal infants. By calculating phenotype frequencies for each amino acid, we took account of the possibility that an individual pocket profile (i.e. LFQG8-11) might be phenotypically homozygous, despite the subject typing for that pocket profile being DPB1 heterozygous. Thus, subjects heterozygous for DPB1*0201/ *0401, which is associated with increased susceptibility to c-ALL, are homozygous for LFQG8-11.
The results in Table 6 show that, with one exception (FA35,36 in hyperdiploid leukaemia), ORs significantly greater than 1.0 were confined to amino acids constituting the DPb1*0201 peptide-binding matrix, consisting of LFQG8-11, FV35,36, DEE55-57, ILEEE65-69 and M76. Even after correction for multiple testing, significant associations were found with the total leukaemia series, ALL, c-ALL, TEL-AML1 þ ALL and hyperdiploid ALL. ORs significantly greater than 1.0 were also found in pro-B ALL, T-ALL and non-ALL, but P-values for these subtypes were not significant after Table 3 ). For abbreviations, see Table 1 . correction for multiple testing. Additional support for the association with individual DPb1*0201 pocket profiles (and hence potentially functional interactions with anchor residues on relevant ligands) derives from the absence of associations (i.e. ORs < 1.0) with non-DPb1*0201-associated polymorphic amino acids -specifically those amino acids present in the DPb1*0101 peptide-binding matrix. Susceptibility to c-ALL thus seems to be influenced bythough not confined to -single DPb1*0201-associated pocket profiles. This suggests that different combinations of pocket profiles might have an important influence on susceptibility to c-ALL. Since the number of combinations of the six peptidebinding pockets shared by DPb1*0201 and other allotypes is potentially large, and the contribution of different combinations of these peptide pockets to ligand binding is difficult to model statistically, we ranked the majority of DPb1 allotypes proteins predicted by CLUMP analysis of c-ALL that exceeded the frequency in the infant group (except those absent from the infant group) by the number and identity of pocket profiles shared with the DPb1*0201 allotype (Table 7 ) . Although not a quantitative relationship, this comparison suggests that DPb1 allotypes with P9, P4 and P2 pocket profiles containing the DPb1*0201 peptide pockets FV35,36, ILEEE69 and M76, respectively, confer the greatest level (in terms of OR) of susceptibility to c-ALL. None of the pocket profiles that contribute to c-ALL susceptibility are found in DPb1*0101, adding further support to a specific role for interactions between DPb1*0201-related pocket profiles and as-yet unidentified peptide ligands in the causation of c-ALL.
DISCUSSION
In this study, we have presented the results of one of the largest comparative analyses of HLA class II alleles ever undertaken to assess the contribution of HLA-associated genetic susceptibility in childhood leukaemia. Based on the prior hypothesis of an association between childhood c-ALL and HLA-DPB1*0201 (46), power calculations predicted that the number of leukaemic and non-leukaemic children available for analysis in the present study would exclude a chance association. Since our results were obtained with a different series of leukaemia patients and non-leukaemia comparison groups from those included in our preliminary study, they provide confirmation that the prior evidence of an association between DPB1*0201 and susceptibility to childhood c-ALL was not a chance finding. Our results indicate that there is a 70-80% increase in the risk of common ALL in children typing for DPB1*0201, and they suggest -though they do not prove -that there may be a similarly increased risk in other types of childhood ALL.
In addition to confirming the previously documented association with DPB1*0201 (46), we report here for the first time that DPB1*0101 conferred significant protection against c-ALL. Furthermore, genotype analysis showed that DPB1*0101 homozygosity resulted in even greater protection against c-ALL. In contrast, there was no increase in susceptibility to c-ALL in patients with DPB1*0201 homozygosity, whereas there was an increase in susceptibility in DPB1*0201 heterozygous patients. One of the mechanisms thought to be responsible for the maintenance of HLA polymorphisms is infectious-pathogen-driven selection, leading to heterozygote advantage (49) . The functional interpretation of heterozygote advantage is that it allows for a wider diversity of HLArestricted epitopes to be presented to T cells, and consequently the development of a more effective protective immune response. Although direct evidence for heterozygote advantage in resistance to infectious disease remains limited, a role for heterozygous advantage in DR-DQ-associated resistance to persistent hepatitis B infection has been reported by Thursz et al. (50) . There are also reports that antibody responses to hepatitis B (51) and measles vaccines (52) are stronger in HLA class II heterozygous than homozygous individuals. Our finding that DPB1 heterozygosity is associated with increased susceptibility to c-ALL accords with the Greaves hypothesis (15,16) that an active immune response that is protective against infection(s) is likely to be associated with an increased risk of c-ALL.
One of the important findings of this study that was not reported in our previous study (46) (since the patient group there was too small) is that susceptibility to c-ALL, and possibly to other subtypes of childhood ALL, is not confined to DPB1*0201. Evidence obtained by CLUMP analysis suggests that susceptibility is associated with several less common DPB1 alleles. One explanation for this multi-allelic susceptibility is that it is due to the presence in other alleles of sequences encoding polymorphic amino acids lining the ABS that are also present in the DPb1*0201 allotypic protein. Support for this conclusion was obtained from the analysis of the polymorphic amino acid frequencies encoded by DPB1 HVRs which showed susceptibility to be associated with putative DPb1 peptide pocket profiles. This interpretation of our results leads us to conclude that the association of HLA-DPB1 alleles with susceptibility to childhood c-ALL, and possibly with other ALL subtypes, may be related to the ligandbinding properties of individual DPb1 peptide pocket profiles. Although the peptide-binding characteristics of DPb allotypic proteins are not as well characterized as those of DRb allotypes, similarities between naturally processed self-peptides eluted from DP2 and DR proteins, and in the binding of synthetic peptides by DP2 and DR (53) , suggest that the functions of DP pocket profiles are analogous to those established for DR. Evidence of rapid allelic diversification in DPB1 suggests that recent diversifying selection pressure has been applied to the DPb1 ABS (54) , and points to an active functional role for this locus. Nonetheless, evidence for the role of DPB1 alleles in susceptibility to childhood ALL does not preclude additional contributions from alleles at other HLA class II loci (55, 56) , in a manner similar to that known to occur for DQ and DR alleles in insulin-dependent (type 1) diabetes mellitus (IDDM) (57) . Indeed, Djoulah et al. (58) have used a multilocus model to determine the contribution of the DQ P4 and P9 and DR P4 pockets to IDDM susceptibility with high predictive value, which is similar to our single-locus approach to the role of peptide-binding pockets in c-ALL.
Our data suggest that a ligand that has binding affinity for DPb1*0201-associated ABS pocket profiles may be capable of contributing to the risk of c-ALL. The precise functional details require further analysis, but could be interpreted to suggest that a ligand derived from any protein that binds to a DPb1 peptide matrix with pocket profiles related to DPb1*0201 may carry epitopes leading to T-cell activation and proliferative stress on pre-c-ALL cells. It is thus possible to envisage that such T-cell epitopes could be derived from more than one type of infection. Evidence that children typing for DPB1*0101 were at a 20-30% lower risk of developing c-ALL further supports the conclusion that certain DPb1 allotypes bind peptide ligands that lead to T-cell responses that protect against c-ALL, whilst others participate in the development of c-ALL.
Since we interpret our findings as suggesting that it is the functional properties of DPb1 allotypes that contribute to childhood c-ALL susceptibility, we suggest that this may be mediated by a mechanism that involves the differential binding of peptide ligands by DPb1*0201 and related allotypes. We propose that this leads to the activation of a CD4 þ helper T (Th)-cell population by the DPb1-ligand complex, which contributes to the proliferative stress exerted on a clone of premalignant c-ALL cells, or alternatively to the apoptotic suppression of normal haematopoietic cells, thereby facilitating the emergence of a clone of leukaemia cells. Such an interpretation makes it unlikely that childhood c-ALL is caused by a mutation in an as-yet unidentified 'leukaemia gene' that is linked to DPB1. Weak linkage disequilibrium (LD) between DPB1 and DQ/DR alleles (59) also makes it unlikely that the association that we have observed with DPB1*0201 is secondary to stronger effects of DQ/DR alleles in LD with DPB1*0201. We found no evidence for such an explanation in our previous study of DQB1 association with childhood c-ALL (60), although we do not exclude an independent contribution by DQ and DR allotypes to c-ALL susceptibility (55, 56) .
In addition to confirming the association of DPB1*0201 with susceptibility to c-ALL, our data suggest that this allele may also contribute to susceptibility to TEL-AML1 þ and hyperdiploid c-ALL, to pro-B ALL and to T-ALL. If this is correct, it would imply that the functional contribution of the DPb1 allotypic protein is not confined to a single ALL subtype. However, the number of cases with each of these subtypes was too small to allow us to reach a definite conclusion on this point, and confirmation will require studies of additional series of patients.
The result of our previous study of DPB1 alleles in childhood c-ALL showed that the relative risk (odds ratio) associated with DPB1*0201 was low ($ 2.0) (46) . This is not unexpected in a multifactorial disease such as c-ALL, but it did indicate that confirmation of this level of risk would require a much larger patient and comparison group. The present series of 559 patients with confirmed c-ALL and 864 newborn infants, which yielded an odds ratio for DPB1*0201 of 1.83, had 98% power at a P-value of 0.05. Similar calculations revealed that the strength of the associations between DPB1*0201 and hyperdiploid and TEL-AML1 þ c-ALL had 94% and 71% powers, respectively.
Studies of HLA associations with rare diseases such as childhood leukaemia can present problems with the selection of a relevant comparison group, which can lead to spurious associations. In the present study, ethical and logistic considerations precluded the collection of blood samples from the UKCCS case-matched control children. For case-comparison purposes, we therefore used two quite different series of nonleukaemic children. One series consisted of UKCCS case children with solid tumours (excluding lymphoma), who were ascertained nationally in the same way as the leukaemic children. The other group consisted of an unselected series of normal newborn infants born in Manchester, UK. In the absence of a national birth cohort in the UK, both comparison series represent the best non-leukaemic comparison groups of children that could be achieved. Theoretical considerations relating to the use of cancer controls in epidemiological studies of cancer have been reviewed (61) (62) (63) , and suggest that where the hypothesis being tested concerns the specificity of exposure in relation to a specific type of cancer, as is the case in the present study, then the advantages outweigh the disadvantages. Smith et al. (62) discussed the value of multiple control groups and cited studies in which both cancer and non-cancer population groups were used as controls for specific cancers.
The normal full-term babies who were born in Manchester comprised a population-based sample. Collection of parental ethnic background information enabled us to exclude the nonwhite ethnic groups from the HLA analysis. However, had we not done this it would have made virtually no difference to the overall result, since the frequency of white and Asian newborn infants with DPB1*0201 was not significantly different. Furthermore, our results showed that the increased DPB1*0201 phenotype frequency was present in the total leukaemia series, the ALL group and the c-ALL patients, regardless of the ethnic background of the infants. In a previous study, it was reported that about 5% of children with ALL in the UK have Asian parents (64) . Our expectation was that the presence of this proportion of children in our leukaemia series would make little if any difference to the result. This was confirmed when we removed non-white children from the c-ALL series from the analysis, resulting in a DPB1*0201 phenotype frequency in the remaining white children that was virtually unchanged (17.0% in the white-only, compared with 17.5% in the total c-ALL series; 10.2% in the white-only solid tumours, compared with 10.8% in the total series), giving an OR of 1.80 with a 95% CI of 1.18-2.75. Our results thus suggest that, whilst the sources of comparison groups are not ideal, population stratification does not explain the association that we found between DPB1*0201 and susceptibility to childhood c-ALL. Previous concerns about spurious associations due to population stratification (65) are likely to be a problem only where disease and allele frequencies differ among subpopulations (66) . Wacholder et al. (67) has estimated that the effect of ignoring ethnicity on the frequency of N-acetyltransferase genotypes in non-Hispanic US cancer patients of diverse European origins only biased results by 1%. Our results suggest that ethnic stratification is unlikely to explain the increased frequency of children with ALL typing of DPB1*0201 and related alleles.
The modular architecture of the DPb1 allotypic proteins can lead to the same peptide pocket profiles occurring in different DPb1 allotypes. However, different allotypes have different combinations of pocket profiles, resulting in a peptide-binding matrix that is uniquely encoded by that allele. Predictions based on peptide binding by DRb1 allotypes (40) suggest that the same pocket profile occurring in different allotypes has the same binding affinity for a given ligand. We found that several DPB1 alleles are associated with susceptibility to c-ALL, and that, with only one exception, these alleles share peptide pockets with DPb1*0201 more frequently than with the protective allele DPb1*0101. Thus, of the 14 CLUMPED alleles, 8, 11, 5, 8, 9 and 5 code the same polymorphic acids as DPB1*0201 at positions 8-11, 35, 36, 55-57, 65-69, 76 and 84-86, respectively. By contrast, only 0, 1, 1, 3, 4 and 8 of these 14 alleles code the same polymorphic amino acids at these positions, as the protective allele, DPB1*0101, with alleles coding DPb1*0101 amino acids exceeding in number those of DPB1*0201 at positions 84-86 (i.e. DEAV84-86 > GGPM84-86).
If the functional interaction of DPb1 allotypic proteins with antigenic peptides is similar in c-ALL to that in other DPB1-and DRB1-associated diseases, this would predict a role for the DPb1*0201 ABS in eliciting a CD4
þ Th response to epitopes on a range of antigenic peptides. At present, the identity of these peptides in c-ALL is unknown, but the peptide with the highest known binding affinity for DPb1*0201 is hepatitis B virus surface antigen, HbsAg [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] (53) -and the hepatitis B virus has already been identified in children with leukaemia (68, 69) . Evidence that DPB1*0201 is protective against the IgE response to the house dust mite allergen Der p1 (70) might explain why there is thought to be a deficit of allergy among children with leukaemia (37, 71) , although this requires further investigation. Sensitivity to chronic beryllium disease (CBD) (72, 73) and cobalt-induced hard metal disease (74) are specifically associated with DPB1*0201 and more importantly with glutamic acid (E69) in the DPb1 P4 peptide-binding pocket. It has been suggested that beryllium forms hapten complexes with endogenous peptides that can lead to metal sensitization and lung disease (73) . Although heavy metal sensitization restricted through DPB1 seems an unlikely mechanism of susceptibility to c-ALL, it is possible that the selective presentation of certain other peptides in the context of DPb1*0201 and related allotypes could lead to proliferative stress on pre-c-ALL cells. The TEL-AML1 fusion peptide can probably be excluded as the source of this DPb1*0201-bound ligand, since we found no evidence of DPb1*0201 anchor residues (53) in the TEL-AML1 breakpoint sequence. In contrast, TEL-AML1 peptide presentation restricted by DP5 and DP17 has been shown to induce CD4 þ T-cell clonal proliferation (75) . Of these two alleles, only DPB1*1701 is associated with susceptibility to c-ALL. The association of DPB1*0101 with protection from TEL-AML þ c-ALL suggests a role mediated by the DPb1*0101 ABS, although this requires confirmation by direct peptide binding and T-cell functional studies (76) .
Although direct cellular studies have yet to be carried out, our results could be interpreted to suggest that the increased risk of c-ALL associated with DPB1*0201 and the decreased risk associated with DPB1*0101 might indicate differences in the polarity of the Th responses in response to infection-derived peptides that lead to, or protect against, c-ALL. Evidence that Th1 responses primarily mediate cellular immunity, while Th2 responses support humoral immunity (77), points to a possible mechanism for Th1 or Th2 cytokines in the proliferative stress that may lead to c-ALL. Although evidence suggests that Th1/ Th2 response polarization is MHC-linked (78), this has not yet been directly demonstrated for DPB1 allotypes, so a role for differential Th reponses remains a matter for conjecturethough amenable to investigation. Nonetheless, the apparently inverse relationship between leukaemia and allergy (38, 71) and the protective effect of DPB1*0201 against house dust mite IgE responses (70) suggest, albeit indirectly, that Th1 responses may be more important than Th2 responses in the immunemediated proliferative stress exerted in pre-c-ALL.
The low relative risk (OR) for DPB1*0201 in c-ALL of approximately 1.8 in our study strongly suggests that other genetic and environmental factors are likely to be involved in the aetiology of childhood c-ALL. Nevertheless, identification of an HLA-DPB1 component in this multifactorial aetiological pathway suggests that further investigation of the HLA class IIpeptide-T-cell receptor trimolecular complex in c-ALL might aid the identification of the antigenic peptides (40, 76) , the nature of the reactive Th population and the cellular events involved in the proliferative stress leading to c-ALL.
MATERIALS AND METHODS

Patients
All UKCCS patient data (diagnoses, ages and ethnic background) used in this paper have been checked and validated by the UKCCS Data Centre at the LRF Epidemiology Unit, University of Leeds. Diagnostic immunophenotyping of pretreatment leukaemias was carried out as previously described (47) according to criteria used in the MRC UKALL XI trial (11, 79) . ALL was subdivided on the basis of immunophenotyping into pro-B (early pre-B or null) ALL (CD10 À CD19 þ T À ); common (precursor B-cell) ALL (CD10 þ CD19 þ TdT þ T À ) and T-cell ALL (CD2/CD7 þ CD19 À DR À ). The non-ALL cases included in this study predominantly included acute myeloid leukaemias, but also a small number of patients with juvenile chronic myeloid leukaemia, acute myelomonocytic leukaemia and myelodysplasia. Molecular and conventional cytogenetic analysis of pretreatment leukaemic bone marrow was carried out as previously described (47) . Leukaemias with the TEL(ETV6)-AML1(CBFA2) fusion gene were identified using RT-PCR and/or FISH. Leukaemias with a hyperdiploid karyotype were identified using conventional cytogenetics, and by FISH (47) .
Blood samples
Blood samples for HLA-DPB1 typing were obtained during the post-treatment period from 65% of the children diagnosed with leukaemia who fulfilled criteria for inclusion in the national UK Childhood Cancer Study (47) between 1992 and 1998. Blood samples from the two comparison groups used in the DPB1 phenotype frequency comparisons were obtained from children with solid tumours, but excluding lymphoma (Hodgkin's and non-Hodgkin's lymphoma) included in the UKCCS, and comprising 30% with brain tumours and 70% with other solid tumours, and from 864 full-term infants of white UK parents born at St Mary's Hospital, Manchester.
HLA-DPB1 molecular typing
Genomic DNA was extracted from case and comparison group blood samples and HLA-DPB1 molecular typing carried out as previously described (46, 80, 81) . DPB1 typing involved a highthroughput PCR-SSOP method in which 96 DNA samples were amplified using a single pair of generic DPB1-specific primers. Arrays of 384 PCR products were blotted onto nylon membranes, and spot hybridized with 28 32 P-labelled DPB1 SSOP. SSOP hybridization was detected using real-time autoradiography, and alleles assigned from published DPB1 ideograms.
Data analysis
DPB1 types for each study subject were stored in a Microsoft Access database and transferred to Microsoft Excel spreadsheets for statistical analysis. DPB1 allele frequencies were determined by the method of allele (gene) counting, and these were used to derive genotypes, from which DBP1 phenotype frequencies (i.e. numbers of subjects with a given DPB1 allele) were computed. Homozygosity was inferred in subjects who typed for only one DPB1 allele, rather than being directly detected in family studies. Case-control comparisons were carried out on phenotype frequency data using the RELRISK program in the Linkage Utility Package LINKUTIL (82) by calculating cross-product ORs and 95% confidence intervals by the method of Mantel and Haenszel (83) . Phenotype frequency comparisons were also carried out by two-sided Fisher's exact tests using the 2by2 program (82) , and P-values were corrected by multiplication by the number of disease subtypes and the number of DPB1 alleles detected. The CLUMP program, version 1.2 (48) , was used to identify common and rare DPB1 alleles contributing to c-ALL susceptibility. 
